BACKGROUND {#sec1-1}
==========

Esophageal cancer is a growing epidemic with approximately 482,300 new esophageal cancer cases and 406,800 deaths world-wide.\[[@ref1][@ref2]\] In the Western world, adenocarcinoma has increased in incidence while in East Asia and developing countries squamous cell carcinoma (SCC) remains problematic. The distinct histologies of adenocarcinoma of the gastro-esophageal junction and SCC of the esophagus are often classified and treated similarly, but have different risk factors and clinical courses. In patients who have locally advanced esophageal cancer, multimodality treatment is most common, whereas patients with late stage disease are treated palliatively with chemotherapy and occasionally radiation. Despite the most aggressive therapy, the relative 5 year survival for esophageal cancer is dismal.\[[@ref3][@ref4]\] In order to make an impact on this disease, new biologic targets need to be determined.

Various biologic targets have been shown to be expressed and amplified in esophageal cancers.\[[@ref5][@ref6][@ref7]\] Multiple attempts to inhibit epidermal growth factor receptor and vascular endothelial growth factor (VEGF) have not resulted in additional survival benefit.\[[@ref7][@ref8][@ref9][@ref10][@ref11]\] Human epidermal growth factor receptor 2 (HER2/neu) has been noted to be amplified in a subset of esophageal and gastro-esophageal tumors and therapeutic inhibition with trastuzumab has been shown to be effective in HER2/neu overexpressed tumors by Bang *et al*.\[[@ref12]\] However, the response was short-lived in a metastatic setting. MET receptor tyrosine kinase (RTK) has been shown to be expressed and sometimes amplified in esophageal tumors.\[[@ref13]\] In a clinical trial evaluating crizotinib, responses were seen for MET-amplified esophageal cancers albeit for a short period of time.\[[@ref13]\] Finally, overexpression of *EPHB4* RTK and its potential role as a therapeutic target has been reported in esophageal cancers.\[[@ref14]\] Even though a large number of laboratories are investigating the role of RTKs in esophageal cancers, epigenetic changes can occur in preneoplastic and neoplastic lesions, particularly, the hypermethylation of O-6-methylguanine-deoxyribonucleic acid (DNA) methyltransferase (MGMT).\[[@ref15][@ref16][@ref17]\]

The MGMT gene encodes a DNA repair protein that removes alkyl groups from the 0-6 position of guanine, an important site of DNA alkylation. This methylation results in the epigenetic silencing of the MGMT gene. Studies, particularly in the field of brain tumor and melanoma research, have demonstrated that tumors with MGMT methylation have shorter progression free survival times.\[[@ref18]\] However, such genetic silencing is also associated with improved overall survival in patients receiving alkylating agents.\[[@ref19]\] Temozolomide (TMZ), an oral cytotoxic alkylating agent, is one of a new class of compounds known as imidazotetrazines. Alkylating chemotherapeutic agents bind to and damage DNA, thereby killing tumor cells. With diminished DNA-repair activity, MGMT methylated cancers have increased sensitivity to such therapy. Given that MGMT hypermethylation has been demonstrated in esophageal pre-malignant and malignant lesions,\[[@ref20]\] we investigated the role of TMZ in the treatment of esophageal cancer.

Our recent experience with a patient with esophageal cancer whose tumor expressed methylated MGMT and had a durable response to TMZ stimulated us to explore the relative frequency of MGMT methylation in esophageal tumors. We also sought to determine whether MGMT methylated cell lines respond to TMZ inhibition, which could suggest a potential role for this pathway in the treatment of esophageal cancer.

METHODS {#sec1-2}
=======

Compliance with ethics guidelines {#sec2-1}
---------------------------------

All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2000. Informed consent was obtained from all patients for being included in the study.

For studies with animals: All institutional and national guidelines for the care and use of laboratory animals were followed.

Cell lines {#sec2-2}
----------

Esophageal cancer cell lines (BE-3, FLO, SKGT-4, SKGT-5, Kyse-110, Kyse-140, Kyse-220, Kyse-410, Kyse-520, Kyse-850, TE-1, TE-8 and TE-12) were cultured in Dulbecco\'s Modified Eagle\'s Medium (DMEM) or DMEM+Hank\'s F12 media supplemented with 10% fetal bovine serum and penicillin in a 37°C, 5% CO~2~ environment. The Kyse cells were acquired through a generous gift from Dr. Yutaka Shimada of Toyama University, Japan, and the FLO cells were a generous gift from Dr. David D. Beers of University of Michigan, MI.

Tissue acquisition {#sec2-3}
------------------

Samples for this study were acquired from paraffin-embedded, formalin-fixed tissues archived at the Human Tissue Resource Center available to us through Institutional Review Board -approved protocols. An experienced Pathologist analyzed all samples using conventional light microscopy and determined the histological subtype as well as tumor grade. These data were entered into our HIPAA compliant database, which included demographic and clinical information as well as treatment outcomes.

Genomic DNA {#sec2-4}
-----------

gDNA was collected from esophageal adenocarcinoma and SCC samples available in the above group. DNA was purified according to procedures described previously.\[[@ref21]\] Briefly, five sections at 10 μM thickness were lysed with digestion buffer and proteinase K at 56°C for 48 h. The DNA was chelated with Chelex-100 and the extracted supernatant was collected after centrifugation. The integrity of gDNA was evaluated by agarose gel electrophoresis followed by polymerase chain reaction (PCR) with beta globin. The gDNA was quantified using Nanodrop and stored at −20°C.

MGMT methylation detection {#sec2-5}
--------------------------

MGMT promoter methylation status was determined by methylation specific PCR performed on the above-described gDNA at the laboratories of LabCorp, Research Triangle Park, NC. Results were reported as methylated, unmethylated or undetected, which may have been due to poor quality or low DNA content of samples.

Viability assay {#sec2-6}
---------------

Cell viability assay was carried out using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, cells were seeded at a density of 4000 cells/well in 96 well plates and incubated overnight. Following this, the media was replaced with fresh media supplemented with TMZ at a final concentration of 1500 μM as the highest dose and eight fold serial dilutions of it. Dimethylsulfoxide (DMSO) was used as vehicle control. The viability of cells was assessed at 72 h of drug treatment. MTT reagent was added to each plate at the end point and cells incubated for 4 h, after which MTT solubilizing agent was added. Plates were read at 570 nm using Synergy HT multi-mode microplate reader. Percentage cell viability was calculated by comparing treated cells with DMSO control. The IC~50~ of TMZ was also determined from this data.

Immunoblot {#sec2-7}
----------

Cells were washed twice with ice-cold phosphate buffer solution and lysed using radio immunoprecipitation assay (RIPA) buffer (Boston Bioproducts, \#BP115) to extract total protein. The lysis buffer was supplemented with sodium orthovanadate, protease inhibitors, and phosphatase inhibitor. Lysates were incubated with RIPA buffer for 45 min with vortexing every 10 min. 150 μg of total protein were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 7.5% gel at 100 V, transferred to polyvinylidene difluoride membranes over 1 h at 22 V and probed with anti-human MGMT antibody (Millipore, MAB16200). Membranes were blocked with 5% bovine serum albumin at room temperature for 1 h. Protein bands were visualized using a horseradish peroxidase (HRP)-conjugated secondary antibody (Santa Cruz, SC-2031), exposed to 1:1 HRP ECL solutions (Bio-Rad, \#170-5070) for 1 min and images taken using chemiluminescent imaging system ChemiDoc™ XRS (Bio-Rad). The ovarian cancer cell line A2780 was used as a positive control and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was probed to serve as a protein loading control.

*In vivo* xenograft tumor inhibition {#sec2-8}
------------------------------------

2.5 million Kyse-140 cells were mixed 1:1 with Matrigel (BD Biosciences) and injected subcutaneously in the right flank of 6-week-old female nude mice (Harlan Laboratories). Mice were randomized into two groups of eight mice each when tumor volume reached an average of 250 mm^3^. One group received TMZ at 80 mg/kg administered intraperitoneally on days 6, 7, 8 and 9. The other group received vehicle control by same route and dosing schedule. Mice were allowed to grow freely and tumor volume measured every 3^rd^ day. The tumor volume was calculated by the formula: (height × width × length)/2 and plotted to compare the effect of drug treatment. On day 32, the vehicle control mice were euthanized due to high tumor volume. The TMZ treated mice were euthanized on day 50. After sacrifice, the tumors were harvested and submitted for histologic evaluation. All procedures were approved by Institutional Animal Care and Use Committee and performed in accordance with the Animal Welfare Act regulation.

RESULTS {#sec1-3}
=======

Case report {#sec2-9}
-----------

Herein we report a case of a 72-year-old man who had experienced 4-month history of dysphagia with solids and a subsequent 20 pound weight loss. An upper endoscopy revealed a partially obstructing mass located at 33 cm from the incisors, pathology characterized this tumor as moderately differentiated adenocarcinoma of the esophagus. A computed tomography (CT), endoscopic ultrasound and positron emission tomography (PET) were done as part of the staging work-up and the tumor was staged as T4N0M1. The PET scan revealed liver and adrenal metastasis \[[Figure 1a](#F1){ref-type="fig"}\]. The patient received a regimen comprised of epirubicin, cisplatin and 5-fluorouracil (ECF). Patient tolerated ECF therapy fairly well with resolution of his dysphagia; however, he developed lower extremity edema and distal neuropathy, both of which partially resolved once the chemotherapy course was completed. On restaging, he was noted to have a mixed response with progressive liver disease following 2 cycles of chemotherapy by CT and PET scan. He tested positive for MGMT methylation and received TMZ.

![Response to TMZ in a patient with MGMT methylation. The arrow illustrates an area of increased uptake in the liver consistent with a hepatic metastasis on positron emission tomographic imaging. (a) This corresponds to the liver metastasis seen on the pre-treatment screening computed tomography scan. (b) Repeat CT imaging following 8 weeks (2 cycles) of treatment with temozolomide (TMZ) demonstrates marked reduction of hepatic metastasis. (c) Following 6 months of TMZ treatment, (d) Demonstrates complete resolution of the hepatic metastasis](JC-12-20-g001){#F1}

The study protocol was to evaluate TMZ, an agent commonly used with brain tumors and melanoma. This phase 2 study, IRB approved, targeted individuals with advanced aerodigestive tract cancers whose tumors display methylation of their MGMT promoters. TMZ was given at 225 mg by mouth daily for 7 days followed by 7 days off the therapy with each cycle lasting 28 days. Oncology clinic visits with laboratory testing occurred monthly and scans for staging purposes occurred every 8 weeks. The TMZ was to continue until disease progression occurred or the side-effects of the treatment became intolerable.

Case result {#sec2-10}
-----------

Patient was treated with TMZ on protocol for a period of 18 months with continued response/stability of disease. Following the initial two cycles (2 months) of treatment with TMZ, a marked response was noted and at 6 months, a complete resolution of disease occurred \[Figure [1a](#F1){ref-type="fig"}--[d](#F1){ref-type="fig"}\]. Treatment was tolerated for several cycles, but patient developed mild shortness of breath and was ultimately diagnosed with a bronchial infection and chronic obstructive pulmonary disease exacerbation. The TMZ was held briefly, the symptoms abated and chemotherapy was resumed. In addition, 6 months into therapy, the patient experiencing distal bilateral upper and lower extremity numbness and increasing difficulty with ambulation. An electromyography performed demonstrated a polyradiculoneuropathy with mixed axonal demyelinating features, consistent with chronic inflammatory demyelinating polyneuropathy (CIDP). CIDP was treated with intravenous immunoglobulin with improvements in gait and sensation.

An esophagogastroduodenoscopy done for dysphagia was notable for a severe 4 cm × 6 mm stenosis, which was stented. Subsequent to the stenting, the patient was found to have severe anemia likely secondary to slow bleeding from the site of the esophageal stent/tumor. Palliative radiotherapy of his local disease was given to control the gastrointestinal bleed. Patient died of progressive disease 24 months following treatment initiation.

MGMT methylation status in archival patient samples and cell lines {#sec2-11}
------------------------------------------------------------------

To further study MGMT methylation, 25 individual esophageal cancer patients' tumor samples were evaluated \[[Table 1](#T1){ref-type="table"}\]. Due to the quality of archival tissues, many other samples were unsuitable for MGMT PCR assays. Of the 25 patient samples, 17 were adenocarcinoma and eight were SCC. The MGMT methylation status is summarized as: for adenocarcinoma, 12/17 (70.5%) cases were methylated and the remaining 5/17 (29.4%) cases were unmethylated. In addition, four adjacent normal tissue samples from the adenocarcinoma-methylated group were also found to be methylated. In SCC, 3/8 (37.5%) samples were methylated and 5/8 (62.5%) were unmethylated \[[Table 2](#T2){ref-type="table"}\]. In addition to patient tumor tissue, we also analyzed the MGMT methylation status of four esophageal adenocarcinoma and nine SCC cell lines. Of these, 1/4 (25%) adenocarcinoma cells were methylated and 1/9 (11%) SCC cells were methylated. The two hypermethylated cells were: FLO (adenocarcinoma) and Kyse-140 (SCC) \[[Table 2](#T2){ref-type="table"}\].

###### 

Patient demographics of those whose MGMT methylation status was determined. In addition to esophageal carcinoma patient samples, four adenocarcinoma and nine SCC cell lines were also tested

![](JC-12-20-g002)

###### 

The incidence of MGMT hypermethylation in tissues and cell lines tested

![](JC-12-20-g003)

TMZ sensitivity *in vitro* {#sec2-12}
--------------------------

In order to determine the sensitivity of MGMT methylated esophageal cancer cell lines to TMZ treatment, methylated and unmethylated cell lines were subjected to TMZ treatment at different drug concentrations and their viability measured after 72 h. A methylated adenocarcinoma (FLO) and unmethylated adenocarcinoma SKGT-4 as well as a methylated SCC (Kyse-140) and unmethylated SCC Kyse-410 were used. In both histologies, the methylated cells (FLO, Kyse-140) showed increasing sensitivity to higher doses of TMZ (IC~50~ 52 μM and 420 μM respectively), whereas the unmethylated cells showed none or little sensitivity to the drug at the highest dose of 1500 μM \[[Figure 2](#F2){ref-type="fig"}\].

![Response to TMZ *in vitro*. Methylated and unmethylated cells were treated with temozolomide (TMZ) for 72 h at different doses and their viability assessed. In both adenocarcinoma and squamous cell carcinoma, the methylated cells (FLO, Kyse-140) were sensitive to TMZ (IC~50~ 52 μ M and 420 μ M respectively). The unmethylated cells (SKGT-4 and Kyse-410) showed little or no sensitivity to TMZ treatment](JC-12-20-g004){#F2}

MGMT protein expression in oesophageal cancer cell lines {#sec2-13}
--------------------------------------------------------

We analyzed the total MGMT protein expression in the above four esophageal cancer cell lines by immunoblotting with a specific antibody directed against MGMT. MGMT is a 22 kDa protein present in all normal tissues. In the two unmethylated cells (SKGT-4 and Kyse-410) there was robust expression of MGMT protein, whereas the methylated cell lines (FLO and Kyse-140) lost expression. A2780, an ovarian cancer cell line well-known to express MGMT was used as a positive control and GAPDH as a loading control \[[Figure 3](#F3){ref-type="fig"}\].

![Expression of MGMT in esophageal cell lines. Methylated and unmethylated esophageal cancers cells were immunoblotted with anti-human O-6-methylguanine-deoxyribonucleic acid methyltransferase (MGMT) antibody. The data shows that total MGMT protein expression was lost in the two methylated cells. The ovarian cancer cell line A2780 was used as a positive control and glyceraldehyde-3-phosphate dehydrogenase was probed to serve as a protein loading control](JC-12-20-g005){#F3}

TMZ sensitivity in an *in vivo* mouse model {#sec2-14}
-------------------------------------------

To further test the sensitivity of methylated cells to TMZ treatment, a subcutaneous flank xenograft mouse model was used. The MGMT methylated SCC cell line Kyse-140 cells were subcutaneously implanted in the right leg and the mice treated with TMZ according to regimen detailed in materials and methods. In the vehicle control group, two out of the eight mice were terminated early on days 15 and 22 due to tumor volume exceeding allowed size. The remaining six mice were euthanized on day 32 \[Figure [4a](#F4){ref-type="fig"} and [c](#F4){ref-type="fig"}\]. The TMZ treated mice had slower growing tumors and were allowed to live for 3 weeks after treatment ended until day 50 at which time they were euthanized \[Figure [4b](#F4){ref-type="fig"} and [d](#F4){ref-type="fig"}\]. In this group also, two mice were terminated early on days 13 and 19 due to body weight loss. The tumor volumes of the two groups are plotted and shown in [Figure 4e](#F4){ref-type="fig"}. The average tumor volume for the untreated group was 1708 mm^3^ on day 32, when they were sacrificed. The average volume of the TMZ group was 662 mm^3^ on day 32 and 1332 on day 50. The results show that there was significant inhibition of tumor growth by TMZ treatment compared with untreated control \[[Figure 4e](#F4){ref-type="fig"}\].

![Response to TMZ *in vivo*. Mice bearing Kyse-140 cells were treated with temozolomide (TMZ) 80 mg/kg on days 6, 7, 8 and 9. (a) Representative vehicle mouse on day 32, at which time the group was sacrificed. (b) Representative mouse from TMZ treatment group on day 50, at which time this group was sacrificed. (c and d) Subcutaneously implanted leg tumors harvested from vehicle and TMZ treated groups respectively. (e) Tumor volume of treated and untreated groups (*n* = 6/8) plotted against time](JC-12-20-g006){#F4}

DISCUSSION {#sec1-4}
==========

The clinical response to TMZ in a patient with MGMT methylated esophageal cancer led us to evaluate the role of MGMT methylation and inhibition. In an analysis of archived tissues samples, 71% of esophageal adenocarcinoma and 38% of SCC patient samples were positive for MGMT methylation. In *in vitro*, methylated esophageal cancer cells were sensitive to TMZ-induced cytotoxicity, whereas unmethylated cells displayed a lack of sensitivity to TMZ. The data presented in the manuscript shows the effects of TMZ on various cell lines without any genetic or pharmacological effects. This is a strong finding *in vitro* as well as *in vivo*. This helps us translationally to begin to understand our dramatic esophageal cancer case study. We showed that Kyse-140 also responded very strongly to TMZ *in vitro* at lower doses and compared it to another cell line of similar histology, Kyse-410, which had muted response even at the highest dose. These are standard methods of comparing drug effects among various cell lines.

In the era of targeted therapies, esophageal cancer is still under-investigated. We believe that MGMT methylation and targeting by TMZ is important in certain subsets of esophageal tumors. The majority of evidence for TMZ utilization comes from glioblastoma multiforme (GBM).\[[@ref22][@ref23][@ref24]\] Patients with GBM containing a methylated MGMT promoter benefited from TMZ, whereas those who did not have a methylated MGMT promoter did not have such a benefit.\[[@ref25]\] TMZ-based therapy is the standard of care for patients with GBM and resistance to this drug in GBM is modulated by MGMT. The MGMT promoter was found to be methylated in 45% of 206 assessable cases by Hegi *et al*.\[[@ref25]\] Irrespective of treatment, MGMT promoter methylation was an independent favorable prognostic factor; among patients whose tumor contained a methylated MGMT promoter, survival benefit was observed in those treated with TMZ and radiotherapy.\[[@ref25]\] Clinical studies have shown that elevated MGMT protein levels or lack of MGMT promoter methylation is associated with TMZ resistance in some GBM tumors. Kitange *et al*., also showed that MGMT expression is dynamically regulated in some non-methylated tumors and in these tumors, protracted dosing regimens may not be effective.\[[@ref26]\]

Opportunities for improving esophageal cancer therapy include targeting epigenetic changes that occur with MGMT methylation. Such methylation may represent an early event in tumorigenesis, particularly in the setting of esophageal adenocarcinoma.\[[@ref20]\] It has been well-established that esophageal adenocarcinoma can arise from Barrett\'s esophagus. These changes may result in development of intestinal metaplasia with progression to intraepithelial neoplasia, and subsequently invasive adenocarcinoma. It has been demonstrated that hypermethylated CpG islands located in the promoter region of the MGMT exist at different steps in the progression to adenocarcinoma, suggesting a step-wise loss of DNA repair resulting in irreversible cellular damage.\[[@ref16][@ref20]\] Use of an alkylating agent, such as TMZ, in the setting of ineffective DNA repair may result in sufficient DNA damage so as to result in apoptosis.

Much of the literature regarding the use of TMZ stems from the treatment of GBM. In this condition, it has been demonstrated that tumors lacking MGMT activity are more sensitive to the cytotoxic effects of TMZ than cells that express functional MGMT. In addition, tumors with high MGMT protein expression have demonstrated TMZ resistance. Reduced MGMT expression is seen in the setting of methylation of the MGMT promoter, which has been seen in 45% of cases.\[[@ref25]\] In this disease, MGMT promoter methylation confers a survival benefit in patients treated with TMZ and radiotherapy presumably as a result of the cytotoxic effects of unrepaired O-6 methylguanine.\[[@ref25]\] It can be postulated that a similar response to TMZ may be seen in esophageal cancer, another apoptosis-resistant cancer.\[[@ref27]\]

In another investigation of the use of TMZ with esophageal cancer, Bruyere *et al*.,\[[@ref27]\] explored the *in vitro* and *in vivo* effect of TMZ on OE21 and OE33, esophageal cell lines. These studies demonstrated significant delays in OE21 xenograft tumor development in treated samples. Furthermore, there was improved survival in mice treated with TMZ compared with cisplatin.

Aside from the cytotoxicity, TMZ may also have a role in the inhibition of angiogenesis. In the Bruyere study,\[[@ref27]\] xenografts demonstrated significantly decreased global tumor vascularization in TMZ treated mice. They also demonstrated down regulation of the proangiogenic chemokine chemokine (C-X-C motif) ligand (CXCL) and the angiogenic protein ID1, suggesting a VEGF independent mechanism of action. Combining TMZ with a standard esophageal cancer treatment may present a potentially new treatment option particularly in patients known to have MGMT methylation.

As a large number of studies are carried out to molecularly dissect esophageal adenocarcinoma versus SCC, we also should ensure that epigenetic changes are investigated. It is encouraging that certain subsets of esophageal tumors have MGMT methylation. It would be important to determine the relative concordance of other genetic aberrancies (such as HER2/neu amplification, MET amplification) with MGMT methylation.

CONCLUSION {#sec1-5}
==========

Esophageal cancer is a difficult disease to treat and minimal personalized molecular markers exist. We present a unique case of an esophageal cancer patient with MGMT methylation who responded dramatically to TMZ. In light of this, a retrospective analysis was carried out on the frequency of MGMT methylation in squamous cell and adenocarcinoma of the esophagus. *In vitro* and *in vivo* modeling demonstrated the relative efficacy of TMZ in MGMT methylated cell lines. This study would then lead us to a MGMT methylation selected clinical trial for patients with esophageal cancer.
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